Glaucoma is one of the leading causes of blindness worldwide and will affect 79.6 million people worldwide by 2020. It is caused by the progressive loss of retinal ganglion cells (RGCs), predominantly via apoptosis, within the retinal nerve fibre layer and the corresponding loss of axons of the optic nerve head. One of its most devastating features is its late diagnosis and the resulting irreversible visual loss that is often predictable. Current diagnostic tools require significant RGC or functional visual field loss before the threshold for detection of glaucoma may be reached. To propel the efficacy of therapeutics in glaucoma, an earlier diagnostic tool is required. Recent advances in retinal imaging, including optical coherence tomography, confocal scanning laser ophthalmoscopy, and adaptive optics, have propelled both glaucoma research and clinical diagnostics and therapeutics. However, an ideal imaging technique to diagnose and monitor glaucoma would image RGCs non-invasively with high specificity and sensitivity in vivo. It may confirm the presence of healthy RGCs, such as in transgenic models or retrograde labelling, or detect subtle changes in the number of unhealthy or apoptotic RGCs, such as detection of apoptosing retinal cells (DARC). Although many of these advances have not yet been introduced to the clinical arena, their successes in animal studies are enthralling. This review will illustrate the challenges of imaging RGCs, the main retinal imaging modalities, the in vivo techniques to augment these as specific RGC-imaging tools and their potential for translation to the glaucoma clinic.
the retinal nerve fibre layer and the corresponding loss of axons of the optic nerve head. One of its most devastating features is its late diagnosis and the resulting irreversible visual loss that is often predictable. Current diagnostic tools require significant RGC or functional visual field loss before the threshold for detection of glaucoma may be reached. To propel the efficacy of therapeutics in glaucoma, an earlier diagnostic tool is required. Recent advances in retinal imaging, including optical coherence tomography, confocal scanning laser ophthalmoscopy, and adaptive optics, have propelled both glaucoma research and clinical diagnostics and therapeutics. However, an ideal imaging technique to diagnose and monitor glaucoma would image RGCs non-invasively with high specificity and sensitivity in vivo. It may confirm the presence of healthy RGCs, such as in transgenic models or retrograde labelling, or detect subtle changes in the number of unhealthy or apoptotic RGCs, such as detection of apoptosing retinal cells (DARC). Although many of these advances have not yet been introduced to the clinical arena, their successes in animal studies are enthralling. This review will illustrate the challenges of imaging RGCs, the main retinal imaging modalities, the in vivo techniques to augment these as specific RGC-imaging tools and their potential for translation to the glaucoma clinic. Glaucoma, the silent thief Glaucoma, commonly termed the 'silent thief of sight', is a leading cause of blindness worldwide. 1 The disease's asymptomatic nature impedes any forewarning prior to its disabling progression. Clinically, patients classically experience the progressive loss of their peripheral visual field, with eventual complete blindness. 2 It is expected to affect 79.6 million people worldwide by 2020, of which 11.2 million will be bilaterally blind. 3 Glaucoma is a neurodegenerative disorder characterised by the progressive loss of retinal ganglion cells (RGCs). 4, 5 Increased RGC apoptosis and axonal loss within the inner retina is the earliest form of cell death in glaucoma, and it directly correlates with clinical severity of the disease. 3 Although apoptosis is a key component of homoeostasis in normal development and aging, its dysregulation is implicated in a vast range of leading ophthalmic and systemic disorders, including age-related macular degeneration, retinitis pigmentosa, cancer, neurodegeneration, and automimmune diseases. [6] [7] [8] As apoptosis has such a major role in glaucoma, its early identification in vivo would be a key goal for biomedical research that will certainly enhance clinical diagnostics and could be an end point for novel neuroprotective strategies. Part of the diagnostic challenge, however, includes the lack of knowledge about the precise pathophysiology that leads to RGC apoptosis in glaucoma.
Elevated intraocular pressure is directly related to disease progression and is the most important and only modifiable risk factor for glaucoma. 9 However, glaucoma progression can still occur in patients with drug-controlled intraocular pressure and in patients with normotensive glaucoma. Therefore, intraocular pressure is an inadequate measurement tool to diagnose or monitor its progression. Current instrumental diagnostic methods are divided into structural and functional types, which are based on the measurement of the retinal nerve fibre layer (RNFL) and neuro-retinal rim thickness, and visual field loss respectively, to approximate RGC loss and the extent of the disease. However, these methods have low sensitivity, requiring significant RGC loss (25-40%) before showing evidence of disease. 10, 11 It is estimated that in the developed world only one-half of people affected by glaucoma are aware of their condition and that there is a 10-year delay between initial onset and diagnosis of glaucoma. 12 By this time, irreversible blindness can occur. There remains a clear and unmet need to establish an earlier diagnostic tool.
The eye is an ideal organ for non-invasive imaging. The ocular physics and transparency facilitate the eye to be the 'window to the central nervous system', 13 in which only minor manipulations are required for improved light transmission and optical quality, such as pupil dilation and corneal hydration. This advantage can be exploited to establish retinal imaging tools that will provide an insight into the health and functionality of not just the retinal neurons, but also the entire central nervous system. The ideal retinal imaging technique should be noninvasive, consistent, sensitive, cell-specific, confer high-resolution, and have the capacity for longitudinal in vivo monitoring. 14 Recent advances are likely to provide novel earlier diagnostic biomarkers for glaucoma and therefore earlier disease intervention. Retinal imaging in vision research has evolved substantially over the last few decades from a macroscopic to microscopic single-cell imaging level. This review will provide an overview of RGC-imaging techniques and recent advances and describe the challenges and promises of translating these from the laboratory bench to the patient bedside.
Retinal ganglion cells
The human retina contains~1.5 million RGCs, which are not confined to 1 of the 10 distinct retinal layers. 15 Several experimental studies have indicated that RGC apoptosis occurs in the ganglion cell layer in glaucoma. 4, 5, 16 RGCs are transparent and do not have any particular discriminating optical property. Indeed, the low contrast of the inner retinal layers renders traditional imaging methods, such as fundus photography, confocal scanning laser ophthalmoscopy (cSLO) or laser polarimetry, inadequate to visualise them. This has led to the need to establish specific RGC markers to accurately visualise, diagnose and monitor RGC apoptosis in glaucoma. As detailed in Table 1 , recent advances, however, have enabled us to visualise photoreceptors (direct visualisation with adaptive optics-cSLO) or fluorescently labelled RGCs (transgenic models, exogenous markers). 10, [17] [18] [19] The ability to monitor RGC health accurately longitudinally in vivo confers numerous benefits. First, our understanding of the natural history of glaucoma would be enhanced, perhaps highlighting spatial patterns of retinal cell death over days, weeks, and years. Second, this could also be used as a tool to reliably measure the neuroprotective efficacy of therapeutic agents. 10, 18, 20, 21 In current clinical practice or in animal models of glaucoma, the tools available for quantification of the degree of neuroprotection are inadequate. For example, in the large-scale Low-pressure Glaucoma Treatment Study, the primary end point was progression of visual field loss. 22 This required a 4-year follow-up, in which visual field loss was used as a surrogate for end-stage disease. This was echoed in the recent large-scale clinical trial UKGTS, in which a 2-year follow-up was required to assess the efficacy of latanoprost compared with placebo. 23 Although the observation period was shorter than prior studies, it remains an unsuitably prolonged time frame to identify any therapeutic effect. Third, instead of a single snapshot, long-term measurement of RGC status would provide a more accurate interpretation of retinal health or disease status. There is a large variation in density of RGCs and normal pattern of age-dependent RGC loss among individuals. 24 Therefore, monitoring deviation of RGC loss from an individually established baseline is the most appropriate measure. [25] [26] [27] Finally, there are pathogenic similarities between glaucoma and other neurodegenerative diseases, such as Alzheimer's disease; therefore this method could be translated to other conditions to advance our understanding of specific patterns of cell loss and therapeutic efficacies. There is hope that with the use of a tool to accurately measure RGC health in glaucoma patients, monitoring of disease progression and screening of individuals at high-risk of disease can be accurately performed.
Retinal imaging modalities

Optical coherence tomography
Optical coherence tomography (OCT) constitutes several different image modalities and broadly falls into two main categories: time-and spectral-domain, each of which refers to the relevant detection of the OCT signal. This image modality was developed over 20 years ago and has been increasingly used for RNFL analysis in glaucoma. 28 The principle of OCT is that it generates cross-sectional two-dimensional images from the optical backscattering of light and echo time delay, capturing images with very high axial resolution of 1-15 μm. 29, 30 It provides a rapid, reproducible, inexpensive, and non-invasive retinal imaging tool. It is based on low-coherence interferometry, in which light is split from one beam into two different paths, and then recombined, creating interference patterns. Two-dimensional images may be formed with ultrasound-like A scans, or otherwise a three-dimensional image may be formed with sufficient B scans. However, the weakly backscattering nature and low-contrast edges of cells prevent the direct visualisation of individual RGCs. In spite of this, spectral-domain OCT has been Retrograde labels Injection of lipophilic dyes within visual pathway, which track along RGC axon to cell body in retina.
Labels individual RGCs
High sensitivity of RGC labelling
Invasive; harmful; nonspecific to RGC; for animal models only 1997 64 Transgenic models
Promote expression of RGC-specific markers, for example, Brn3b, Thy1, ckit.
Single-cell fluorescence resolution 35 Polarisation-sensitive OCT is also of major interest, as ocular structures alter the polarisation state of the light and thereby add a tissue-specific contrast to the images, which could enable densities of RGC axons to be measured. 36 Long-wavelength OCT also appears to be beneficial, by reducing scattering and allowing deeper tissue penetration. 37 Swept-source OCT is one the latest milestones in OCT technology. Tunable long-wavelength is used to further increase resolution. The scan speed is twice that of spectral-domain OCT, allowing improved resolution and better tissue penetration.
Confocal scanning laser ophthalmoscopy
Confocal scanning laser ophthalmoscopy (cSLO) is the most extensively used retinal imaging technique. Despite being established in 1980, 38 cSLO's adaptability has qualified its survival within the rapidly evolving field. Its departure from traditional ophthalmoscopy and fundus photography and its resulting high-resolution images enable it to detect subtle retinal changes, firmly positioning itself as a key diagnostic tool in glaucoma. 39 cSLO's underlying methodology is based on the confocal microscopy technique. The light source is a point source laser and its beam is scanned onto the retina. The pinhole is in front of the photodetector and allows the detection of the light coming from a specific depth. Although retinal imaging methods such as ophthalmoscopy involve a much larger illumination area compared with the observation area, this technique is inverted. The illumination of the retina with a moving narrow beam of light and its subsequent detection follow the same path, thereby eliminating scattered light and ensuring light from the focal plane only is detected. This achieves high lateral resolution compared with conventional fundus photography, enabling the production of topographic images. 40 However, axial resolution of conventional cSLO is poor. cSLO is a commonly used tool to measure the optic nerve head and RFNL thickness, by creating three-dimensional topographies. 41 cSLO is well suited to enhancement with fluorescent markers. Several research groups have used this combination to detect apoptotic RGCs in vivo using endogenous or exogenous labels and to longitudinally monitor rodent RGCs in vivo. 10, 20, 21, [42] [43] [44] [45] It is a popular tool in clinical practice, owing to its versatility to be used with a number of types of laser wavelengths and filters. Limitations of its usage only include pupil diameter and ocular opacities. As discussed below, the future of cSLO, however, lies in adaptive optics (AO), in the ability to alter the scanning amplitude speed and modify the pinhole size. 46 
Adaptive optics
Many advances in both cameras and optics have been achieved over the past few decades to attain the current standards of imaging techniques. AO is one such advance that has improved both OCT and SLO. 47 Its origin lies in astronomy, in which it was developed to reduce the speckle from light in the atmosphere when viewing objects in space via telescopes. It was later introduced into the ophthalmological arena in the mid-1990s to reduce optical aberrations by using active optical components. Since then, it has enhanced all types of retinal imaging modalities, including the subtypes of OCT.
AO involves the detection of intrinsic optical aberrations by analysing the light wavefront coming from the eye and its correction using electro-actuated deformable mirrors, most commonly in a ShackHartmann configuration. 48 Its optimal usage is when the patient's pupil is 46mm, so as to minimise diffractive error. AO confers three main technical advantages: (1) improved lateral and axial resolution of retinal images, (2) smaller speckle, and (3) enhanced sensitivity to weak reflections. In combination with cSLO and OCT, it can improve the resolution of fine detail in vivo. 47 For example, AO-OCT has a lateral resolution up to five times compared with standard OCT systems. Unprecedented resolution of 2-3 μm may be achieved, allowing direct visualisation of individual cells without the need for an exogenous label. When used with OCT, resolution can be improved, such that individual nerve fibre bundles are observed in humans in vivo. 49, 50 When combined with cSLO, fluorescently labelled rodent capillaries, and dendrites of microglial cells can be visualised in vivo at high resolution. 51 Furthermore, cone photoreceptor cells have been directly observed using AO-SLO via their intrinsic reflectance properties. 52 Its application in monkeys and humans has allowed us to better characterise the photoreceptor mosaic spacing in the macula region. 47, 52 AO has great potential to enhance imaging in glaucoma. It may be used to analyse the RNFL, providing improved penetration and resolution, leading to better definition of subtle changes. In a recent clinical study of glaucoma patients, it was demonstrated that AO-SLO revealed pathological details that were unable to be differentiated by OCT. 53 The improved penetration and resolution allow greater definition of subtle retinal changes. There has been substantial research by several groups to construct three-dimensional microscopic structures, which would permit improved detection and monitoring of damage to the nerve fibres. 54 Since its initial use within vision research, AO has taken great strides in development and accomplishments, such that its imminent ophthalmic commercialisation is palpable. It is evident that the future of cSLO lies in AO, although a lot of research is going into small aperture fast scanning cSLO. 46 Fluorescent markers may have a role in the future to improve this technique further.
RGC in vivo labelling
As mentioned above, imaging RGCs remains a challenge due to their inherent transparent nature. Specific RGC labelling techniques can be combined with the retinal imaging modalities described above to enhance information gained. For example, in general medical and surgical specialties, contrast agents are widely used to enrich structural and functional information gleaned from positron emission tomography, computed tomography and magnetic resonance imaging. Comparatively, within clinical ophthalmology, fluorescein, and indocyanine green angiography remain the only investigations in which such dyes are utilised. The incorporation of contrast agents to label-specific cell types via a systemic or intraocular route has the potential to add a new dimension to retinal and RGC imaging and aid diagnosis, detection, and accurate monitoring of disease progression. Such in vivo labelling may be suitable for specifically identifying healthy or unhealthy cells, each of which will be discussed in turn here. Experimental techniques of healthy cell labelling in vivo include transgenic models, retrograde labels, and electroporation. Imaging of specifically unhealthy cells in vivo may be performed with fluorescent labels, including CapQ and Annexin-A5. Annexin-V is currently in DARC Phase I clinical trials.
These techniques constitute valuable mechanisms to study longitudinal pathological mechanisms of glaucoma and other forms of neurological and retinal degeneration. However, although their usage so far has currently been limited to experimental animal models mainly for studying cellular projections and apoptosis, the results have been exciting.
Imaging healthy cells
An in vivo ocular biomarker for imaging healthy RGCs would prove optimal for monitoring RGC health in live animals or patients.
Retrograde tracers Retrograde labelling involves the direct application of lipophilic neuronal dyes to the visual pathway and is a well-established tool in histological and animal studies for quantification of RGCs and estimation of their density. Its limitation is that it cannot be translated to use in humans, but it has broadened our knowledge in vision research.
Different types of dyes have been used, particularly those that are fluorescent, which are actively transported within cells, 55 such as Carbocyanine dyes, including DiAsp (4-[4-didecylaminos-tyryl]-N-methyl-pyridinium iodide), DiI (1,1′-dioctade-cyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate), DiO (3,3′-dioctadecyloxacarbocyanine perchlorate) and Fluorogold. They are incorporated into the cell membrane and subsequently actively transported within cells through the axons as the lipids are recycled. 56 Hydrophilic dyes, such as rhodamine dextran, have also been used in primate retina to visualise RGCs. 57 Previously, most retrograde labels were used ex vivo; however, increasingly more studies have been successfully using this method in vivo. 18, 44, 58 Their commonest method of application involves injection high up in the visual pathway, where they then travel up the length of the RGC axon to reach the cell body within the retina. 56, [59] [60] [61] This mode of application is commonly used to study experimental glaucoma. 18, 44, 58, 62 In a chronic ocular hypertensive model of neurodegeneration, RGCs were fluorescently labelled by directly injecting DiI into the rat superior colliculi. 63 cSLO was used to analyse the retinas at intervals over 8 weeks from induction of elevated intraocular pressure, after which time there was significant RGC loss. Other studies have demonstrated successful application to the superior colliculi, 44, 64, 65 lateral geniculate nucleus, 18 or the optic nerve. 55 In some cases, retrograde labelling has been considered suboptimal, owing to incomplete RGC dye uptake. This is frequently due to the difficulty in labelling multiple central RGC targets. However, in recent studies, labelling of rodent RGCs with these methods have been shown to be highly effective, with 100 and 96% of RGC labelling estimated following direct injection into transected optic nerve stump and superior colliculus application, respectively. 66, 67 Despite RGCs being highly sensitive to labelling, cell specificity appears to suffer. After RGC death, phagocytic cells, including microglia and macrophages, migrate to the area and ingest the fluorescent dendrites, leading to false positives. 68, 69 This challenges the accuracy of longitudinal in vivo monitoring alongside the hazardous surgical application methods of retrograde labelling, which limit its translation to the clinical arena. However, the knowledge gathered from experimental work is beneficial.
Transgenic models Transgenic models have been widely used across many scientific research fields to control the expression of specific genes. Under the control of specific RNA promoters, the expression of fluorescent proteins, such as green fluorescent protein, can act as a cell-specific marker for RGCs, which is invaluable for glaucoma diagnostic research. Commonly used RGC-specific markers include THYmocyte differentiation antigen 1 (Thy1), ckit, and Brn3b in rodents. 18, 19, 70 Several transgenic mouse models, generated using the Thy1 promoter to drive fluorescent probe expression, have led to high levels of RGC labelling. Transgenic mice expressing cyan fluorescent protein driven by Thy1 promoter were imaged with cSLO to contrast-enhance RGCs and differentially label different neuronal subtypes. 17 This permits investigation into whether specific subtypes of RGCs are more susceptible to disease. Cyan fluorescent protein expression in rodent RGCs achieved high sensitivities, with~90% of cells labelled. However, similar to retrograde labelling, there was reduced specificity, with displaced amacrine cells and microglia being among the non-RGC cells also labelled, the latter being due to phagocytosis of the apoptotic labelled neurons. 69 Leung et al. 71 showed in their recent study of transgenic Thy1-yellow fluorescent protein mice that when combined with cSLO, this proved to be a robust way of monitoring RGC survival and morphology. cSLO-and spectral domain OCT-imaged fluorophore-expressing transgenic mice is also used to longitudinally measure density and RNFL thickness following optic nerve injury. 31, 72, 73 This method of cell-specific contrast enhancement is advantageous as it permits non-invasive and longitudinal monitoring. However, in some studies transgenic labelling has been transient, and not lasted for long enough for adequate longitudinal observations.
Evidently, transgenic models cannot be applied to humans due to it being unacceptable to modify human genes for the purposes of cell labelling. However, results of these studies provide valuable transferrable information for understanding glaucoma and developing new imaging modalities.
Electroporation Electroporation is an inexpensive and highly repeatable technique under well-controlled conditions, in which a voltage is applied across a membrane, leading to the transfection of ectopic genes or contrast agents into cells in vivo. In the eye, contrast agents can be delivered rapidly with high efficacy and good safety profile. [74] [75] [76] [77] It can achieve 90% transfection rates and rapid expression in cultured photoreceptor cells. 75 In vivo rodent studies have shown 41.5% transfection of RGCs in the area affected by electroporation was achieved. 74 Contrast agents may be administered via subretinal or intravitreal injection, depending on location of the target retinal cells. 78 A disadvantage with this method is that it can potentially be a harmful technique. RGCs are post-mitotic cells and are therefore unable to proliferate if damaged. Unlike other larger body tissues, such as muscle or liver, electrical pulses of 50-100 mV can result in an inflammatory response of the eyeball, therefore much smaller pulses of~12 mV would be optimal. 74 Another disadvantage is its lack of specificity to a particular cell type, such as RGCs. 79 Similarly to the labelling techniques described above, electroporation is also only limited to animal studies, in which it is a useful method of studying retinal cells including RGCs.
Intravitreal RGC markers Several endogenous genetic and protein RGC-specific markers have been established, most notably the RGC nuclear marker brain-specific homeobox/POU domain protein 3A (Brn3a) 80 and γ-synuclein. 81 Currently, they are extensively used for immunohistochemistry ex vivo in post-mortem human and rodent retinas and in the future may be useful as promoters to target the expression of fluorescent markers to label normal RGCs. 82 Antibodies to RNAbinding protein with multiple splicing have also been used to robustly identify RGCs ex vivo in rodent retinas. 83 A recent study demonstrated that healthy RGCs in wild-type mice were efficiently labelled in vivo with noninvasive imaging, following intravitreal injection of a neuronal marker CTB. 84 Cholera toxin subunit B was conjugated to a fluorescent tag and used to label RGCs specifically. It is non-toxic to cells and has been previously administered to patients safely. 85, 86 Over half of labelled cells were RGCs, as confirmed by comparison with immunohistochemistry staining RNA-binding protein with multiple splicing. Although it was found that this labelling is not specific to RGCs, as it also labelled amacrine cells, it promises to be an efficient and consistent potential technique for in vivo non-invasive healthy RGC imaging.
Imaging unhealthy cells
Although the imaging of healthy RGCs can approximate general retinal health, the imaging of specifically unhealthy RGCs would be more sensitive of detecting subtle defects and early disease.
Ocular biomarkers of glaucoma Biomarkers are endogenous anatomic, physiological, biochemical indicators that are associated with specific disease states. 14, 87 They provide an objective measurement, via laboratory assays or imaging techniques, to detect disease early and monitor therapeutic efficacy. The optimal biomarker is specific, sensitive, and reproducible, as well as inexpensive and non-invasive. A biomarker for glaucoma should indicate the rate of RGC loss and the number of remaining or apoptotic RGCs with high sensitivity.
Fluorescent markers Recently, there have been significant advances in fluorescent technology to identify single RGCs undergoing apoptosis. These will prove invaluable in experimental models as well as in a clinical environment.
The recent development of DARC could potentially have a significant impact on the clinical diagnostics of patients with glaucoma and other neurodegenerative diseases. 10 DARC is a novel non-invasive real-time imaging technique to measure RGC apoptosis in vivo. It has the potential to identify disease in its early stages end could eventually lead to the establishment of novel therapeutic strategies to alter its course of irreversible blindness. DARC is currently in Phase I clinical trials (NCT02394613). 43 DARC involves the intravenous injection of fluorescently labelled annexin-5, which binds to apoptosing cell plasma membranes, followed by retinal examination by cSLO. Each resulting fluorescent spot on the retinal image attained represents a bound annexin-5 and therefore a single-apoptotic RGC. These fluorescent spots are then counted, providing a quantitative measure of RGC disease. Annexin-5 is an endogenous extracellular calcium-dependent membrane-binding protein that can bind negatively charged phosphatidyserine with high affinity. 88 During early apoptosis, phosphatidyserine translocates from the inner to the outer plasma membrane, where it is exposed to the extracellular domain. This is one of the initial steps of the apoptotic cascade, and a much earlier marker than lateapoptosis markers such as DNA fragmentation detected by terminal deoxynucleotidyl transferase dUTP nick end labelling. 89 Annexin-5's intravenous administration has been used in large-scale clinical trials, which have indicated its ability to cross the blood-brain barrier and its tolerability and safety. 90 The intravenous route of administration is also widely accepted within ophthalmology, such as for fluroscein and indocyanine green angiography. 91 In a number of experimental studies, DARC has been demonstrated to be a valuable end point in the investigation of neuroprotective therapeutic agents in glaucoma models and in the relationship between Alzheimer's disease and glaucoma. 10, 13, 20, 21, 45, 63, 92, 93 However, the proportion of apoptosing cells in healthy compared with glaucomatous eyes is yet to be fully investigated, therefore, large-scale clinical trials will be needed to assess longitudinal DARC measurements and its capability of differentiating between pathological glaucomatous RGC apoptosis and age-dependent RGC decay. If it also then correlates with patterns of RGC axonal loss, it may be determined to be a reliable early marker of disease and thus its robustness to assess neuroprotective agents would be widely used. 94 CapQ technology CapQ, a cell-penetrating, caspaseactivated apoptotic probe, is another technique to label apoptotic cells. 95 This technology consists of a cellpenetrating peptide, conjugated to an effector caspase recognition sequence that is flanked by a flurophorequencher pair. It is activated by effector caspases in apoptotic cells, and cSLO can be used to detect its fluorescence. After intravitreal injection of TcapQ488, a novel probe redesigned for current imaging techniques, single-cell apoptosing RGCs were successfully detected in vivo using cSLO in mouse models of retinal degeneration. 96 This was found to be associated with minimal toxicity. However, probe-activation also occurred in wild-type rodent eyes, which may be caused by probe-related toxicity, leading to apoptosis. This novel technique has the potential to report RGC apoptosis in vivo and therefore aid glaucoma diagnostics. However, its intracellular and cellular penetrating abilities reduce its likelihood of usage in humans.
Conclusion
Glaucoma is a disease that places a great burden on healthcare resources worldwide, which is exacerbated by delays in diagnosis. In this review we have summarised key developments in retinal imaging modalities and RGC endogenous and exogenous labelling. Although many of these have only been observed experimentally in animals so far, imaging RGCs in vivo is a fast evolving field of ophthalmological research and holds high clinical translational potential. Not only can recent advances provide great hope for clinical diagnostics, screening, and monitoring in glaucoma, but also in other neurodegenerative diseases, which may affect retinal health. Early diagnosis and detection of subtle retinal defects could signal disease onset at a pre-clinical stage, prior to the development of irreversible destructive damage. This could alert clinicians to begin earlier therapeutic interventions, reducing the severity of the inevitable development of visual loss or blindness in glaucoma and the financial burden of the disease while significantly improving patients' quality of life. For ophthalmological research scientists, clinicians, and patients, the next decade will prove to be exciting.
